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Edited by Francesc PosasAbstract We have investigated regulation of HMG-CoA reduc-
tase (HMGR) in one of the most salt-tolerant fungi, Hortaea
werneckii, under diﬀerent salinities and at the level of protein
degradation. Two diﬀerent HwHMGR isoenzymes were identi-
ﬁed, speciﬁc to mitochondria and endoplasmic reticulum:
HwHmg1 and HwHmg2, respectively. The activity of micro-
somal HwHmg2 is highest under hypo-saline and extremely hy-
per-saline conditions, and down-regulated under optimal growth
conditions. We show that this is due to intense ubiquitination and
proteasomal degradation of HwHmg2. The activity of the trun-
cated mitochondrial HwHmg1 is constant under diﬀerent growth
conditions, suggesting an osmoadaptation-directed fate for mev-
alonate utilization in H. werneckii.
 2007 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
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3-Hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase
(HMGR, EC 1.1.1.34) catalyses NAD+-dependent reductive
deacylation of HMG-CoA to mevalonate. This key metabolic
enzyme has a crucial role in the mevalonate pathway and the
production of isoprenoids and sterols. The genes for HMGR
from several fungi have been isolated and characterized.
Whereas in animals there is only one gene for HMGR, two
or more diﬀerent genes have been reported for ascomycetous
fungi and plants [1,2]. Regulation of HMGR levels and activity
is very complex and occurs under multiple circumstances,
including transcription, phosphorylation and degradation [3].
The degradation of HMGR by the ubiquitin-proteasome path-
way in the endoplasmic reticulum is modulated by feedback sig-
nals from the mevalonate pathway in animals and yeast [4–6].
Unicellular eukaryotic organisms can survive changing envi-
ronmental conditions mainly due to their ability to modify the
sterol composition of their membranes in response to environ-
mental stress [7]. The extremely halotolerant black yeast Hor-
taea werneckii (Ascomycota, Dothideales) was ﬁrst isolated
from hyper-saline waters of marine salterns on the Adriatic*Corresponding author. Fax: +386 15437640.
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0014-5793/$32.00  2007 Federation of European Biochemical Societies. Pu
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salt or at salinities up to near-saturated NaCl solution
(5.2 M). Previously, we demonstrated a diﬀerent mode of regu-
lation of HMGR activity by environmental salinity in H. wer-
neckii when compared with the mesophilic Saccharomyces
cerevisiae [9]. This suggested that halophilic yeasts regulate ste-
rol biosynthesis through HMGR diﬀerently to mesophiles,
which might be a consequence of the diﬀerent ecophysiology
of halophilic black yeasts. Electron paramagnetic resonance
spectroscopy measurements also showed that the membranes
of H. werneckii were considerably more ﬂuid than those of
salt-sensitive S. cerevisiae over a wide range of NaCl concentra-
tions [10]. In the present study, we demonstrate the existence of
two HMGR isoenzymes in H. werneckii, located in mitochon-
dria and the endoplasmic reticulum. We also provide evidence
for their diﬀerential regulation by ubiquitination that depends
on the adaptation to diﬀerent environmental salinities.2. Materials and methods
2.1. Strains and growth conditions
The black yeast Hortaea werneckii (MZKI B736) was from the cul-
ture collection of the Slovenian National Institute of Chemistry. The
cells were grown at 28 C in a rotary shaker at 180 rpm in the deﬁned
medium YNB, adjusted for NaCl concentrations and pH 7. The cells
were harvested in mid-exponential phase by centrifugation at
4000 · g for 10 min and washed twice in 50 mM Tris–HCl, pH 7.
For the 26S proteasome inhibition assay, MG132 (Peptides Interna-
tional), ALLN (Calbiochem) or PMSF (Merck) were added to cells
in the exponential growth phase to a ﬁnal concentration of 100 lM
and the cells were grown for an additional 60 min before being chased
with addition of 100 lg/mL cycloheximide for 3 h, and then harvested.
2.2. Southern hybridization, genomic and cDNA screening
DNA manipulations were as described previously [11], except using
a radioactively labelled 522-bp probe corresponding to the conserved
region of the H. werneckii gene for HMGR. The probe was obtained
by PCR ampliﬁcation from genomic DNA, using the primers 5 0-
GGA GCT TGT TGT GAA AAT GT-3 0 and 5 0-GAT AAG AAG
CCT GCT GCC-3 0.
2.3. Subcellular fractionation and Western blotting
Cell lysates were prepared from exponentially growing cells by disrup-
tion with a microdismembrator in HB homogenization buﬀer (250 mM
manitol, 5 mMHEPES, pH 7.4, 0.5 mM EDTA, 0.1% BSA) containing
a cocktail of fungal protease inhibitors (Sigma). The lysates were frac-
tionated into the soluble fraction and cellular debris by consecutive cen-
trifugation for 15 min, twice at 600 · g and once at 10000 · g. The ﬁnal
supernatants was precleared by centrifugation at 27000 · g for 15 min,
and the resultant supernatants were further centrifuged for 1 h atblished by Elsevier B.V. All rights reserved.
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respectively). The pellet from the 10000 · g step was resuspended in
1 mL HB and applied onto 30% (v/v) percol solution (Sigma) in HB.
Following centrifugation at 90000 · g for 30 min, the lower brownish
fractions containing the mitochondria were resuspended in an equal vol-
ume of HB, and then washed twice in HB (6000 · g; 5 min) and ﬁnally
resuspended in HB containing 0.1% Nonident NP-40 (Sigma). All cen-
trifugation steps were performed at 4 C. Protein concentrations were
measured by spectrophotometry at 590 nm using the Bradford method
with Nanoquant reagent (Roth) and equal amounts protein were boiled
for 10 min in 5· protein-loading buﬀer (Fermentas) before loading. Pro-
teins were separated by SDS–PAGE in 10% polyacrylamide gels and
transferred to PVDF membranes (Roth). Immunodetection with anti-
bodies against HMGR (Upstate), cytochrome b2, calnexin, b-actin,
Hsp70, or ubiquitin, and secondary antibodies conjugated with HRP
(Santa Cruz Biotechnology) was performed using the ECL detection
system (Amersham Bioscience).
2.4. Immunoprecipitation
The isolated mitochondria and microsomes were resuspended in
immunoprecipitation (IP) buﬀer (150 mM NaCl, 1% Nonidet NP-40,
50 mM Tris, pH 8.0) containing protease inhibitors, precleared with
protein G-Sepharose (Amersham) and then incubated with an anti-
HMGR antibody overnight at 4 C with shaking. Immunocomplexes
were precipitated with protein G-Sepharose for 2 h at 4 C with shak-
ing, and then pelleted. The pellets were washed 10 times with IP buﬀer
and then boiled for 5 min in sample buﬀer containing urea. Samples
were resolved by SDS–PAGE and immunoprobed with an anti-ubiqui-
tin antibody, as described above.
2.5. Measurement of HMG-CoA reductase activity
HMGR activity was assayed with 50 lg microsomal or mitochondrial
protein with D-3-[3-14C]-hydroxy-3-methylglutaryl-CoA and R,S-
[5-3H(N)]-mevalonolactone (NEN) as substrate and internal standard,
respectively, as previously described [9]. Brieﬂy, each reaction contained
50 mMTris, pH 7.4, 0.3 mM radioactive substrate (10000 cpm nmol1),
1.6 mM DTT, 30 mM glucose-6-phosphate, 3 mM NADP+, 100 mU
glucose-6-phosphate dehydrogenase (ﬁnal volume, 50 ll). The activity
of HMG-CoA reductase was expressed as pmol HMG-CoA converted
to mevalonate min1 (mg protein)1. The data are means ± standard
error from three independent experiments.3. Results
3.1. H. werneckii contains two HMGR isoenzymes located in
mitochondria and the endoplasmic reticulum
As demonstrated by restriction fragment Southern blotting
(Fig. 1A), two bands were detected with the HwHMG probeFig. 1. Hortaea werneckii contains two separately located HMGR isoenzyme
DNA with the indicated restrictases and radioactively labelled HwHMGR
Localization of the HwHMGR isoenzymes. CYT, cytosolic; MIT, mitocho
proteins: Hsp70, cytochrome b2 and calnexin, respectively; CL, cell lysate.in the BamHI, HindIII, BamHI + HindIII and XhoI digests
of the genomic DNA, indicating two diﬀerent HMG genes in
the H. werneckii genome. These were assigned the names
HwHMG1 and HwHMG2. We isolated both genes by screen-
ing H. werneckii genomic DNA and cDNA libraries. The
cDNA library screening also conﬁrmed a short 74 bp intron
within the coding regions for the catalytic domains of both
genes (data not shown). Analysis of the translated sequences
(Suppl. Fig. S1) with the PSORT II and WoLF PSORT pro-
grammes revealed a mitochondrial targeting sequence and a
cleavage site for mitochondrial pre-sequence in HwHmg1
and an ER-membrane retention signal in HwHmg2, with puta-
tive molecular masses of 67 kDa and 124 kDa, respectively
(Fig. 1B). Both isoforms showed a characteristic highly con-
served C-terminal catalytic domain, but very diﬀerent N-termi-
nal domains. Whereas seven transmembrane a-helices where
predicted in HwHmg2, no evident transmembrane sequence
was detected in the truncated N-terminal domain of HwHmg1
by the TMHMM algorithm.
To conﬁrm the localization of the HwHMGR isoenzymes in
the predicted organelles, we performed subcellular fraction-
ation by diﬀerential centrifugation. Proteins of cell lysates or
isolated mitochondrial, microsomal and cytosolic fractions
were immunoprobed for the presence of HMGR and marker
proteins. As shown in Fig. 1C, a band corresponding to
HwHMGR was detected in both the mitochondrial and micro-
somal fractions, and not in the cytosol.
3.2. Activity of the microsomal, and not mitochondrial,
HwHMGR isoenzyme depends on environmental salinity
To address the activities of these HwHMGR isoenzymes at
diﬀerent environmental salinities, mitochondria and micro-
somes were isolated from H. werneckii cells grown in salt-free
medium or in media containing 1 M, 3 M or 4.5 M NaCl. The
speciﬁc HMGR activity in mitochondria (Fig. 2A) was a least
twofold higher than in microsomes (Fig. 2B). The activity of
HwHmg1 did not diﬀer signiﬁcantly in mitochondria under
the conditions tested – it was slightly higher only at the extre-
mely high environmental salinities of 3 M and 4.5 M NaCl. In
contrast, microsomal HwHmg2 activity depended consider-
ably on environmental salinity. In salt-free medium or medium
containing 1 M NaCl, HwHmg2 activity was approximatelys. (A) Restriction fragment Southern blotting of H. werneckii genomic
probe. (B) Schematic representation of HwHmg1 and HwHmg2. (C)
ndrial; MIC, microsomal fractions, with their corresponding marker
Fig. 2. Diﬀerential regulation of HwHmg1 and HwHmg2 activities upon osmoadaptation. Speciﬁc activities of HwHMGR isoenzymes in
mitochondria (A) and microsomes (B) in relation to environmental salinity and HwHMGR levels present (lower panels).
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ously assigned optimal growth conditions for H. werneckii
[12]. In cells from hyper-saline medium (4.5 M NaCl),
HwHmg2 activity was approximately fourfold that of cells un-
der optimal conditions. Accordingly, Western blotting of both
fractions revealed that the level of HwHmg1 in mitochondria
was the same under all indicated growth salinities (Fig. 2A,
lower panel). In contrast, the level of HwHmg2 in microsomes
varied between cells grown at diﬀerent salinities (Fig. 2B, lower
panel), being highest under hypo- and hyper-saline conditions,
and lowest at optimal growth salinity.
We can thus conclude that these diﬀerences in HwHmg2
activity in cells grown under diﬀerent environmental salinities
are the consequence of diﬀerent amounts of HwHmg2.
3.3. Ubiquitination and proteasomal degradation of microsomal,
but not mitochondrial, HwHMGR depends on
environmental salinity
We next examined the role of ubiquitination in salinity-
dependent degradation of HwHmg2, as compared to
HwHmg1. Covalent attachment of ubiquitin (Ub-) to the
HwHMGR isoenzymes was assessed by immunoprecipitation
of HwHMGR from microsomal and mitochondrial fractions
followed by immunoblotting of the immunoprecipitated pro-
tein with anti-ubiquitin antibodies. Fig. 3A shows the ubiqui-
tination pattern of microsomal HwHmg2, which diﬀers
considerably across the diﬀerent growth salinities. Co-precipi-
tated Ub–HwHmg2 immunoreactivity in 3 M NaCl migrated
as a collection of molecular weights higher than HwHmg2
(Fig. 3A, asterisk). Ubiquitination of HwHmg2 was strongest
in cells in 3 M NaCl and was only barely detectable at hypo-
and hyper-saline conditions. These data suggest that ubiquiti-
nation of HwHmg2 is regulated by environmental salinity,
while the mitochondrial HwHmg1 isoenzyme showed no ubiq-
uitination in this assay. Thus only microsomal HwHmg2 ubiq-
uitination parallels the isoenzyme speciﬁcity of degradation.
To demonstrate that HwHmg2 is a substrate for the 26S
proteasome in vivo, the stability of HwHmg2 was examined
in the presence and absence of two diﬀerent proteasome inhib-
itors, MG132 and ALLN. Lysates from cells treated withMG132 and ALLN showed remarkably stronger immunoreac-
tivity than those from untreated cells or from cells treated with
the serine-proteases inhibitor PMSF as control, indicating that
both MG132 and ALLN blocked degradation, and therefore
promoted accumulation of ubiquitinated proteins in H. wer-
neckii (Fig. 3B). Additionally, we tested whether these prote-
asomal inhibitors blocked degradation of HwHmg2 in vivo
under conditions where degradation of HwHmg2 was most in-
tense (3 M NaCl). Microsomes were isolated and tested for the
amount of HwHmg2 or subjected to the Ub–HwHMGR co-
immunoprecipitation assay. Accumulation of HwHmg2 was
detected in cells treated with ALLN and MG132 (Fig. 3C).
Moreover, addition of ALLN and MG132 resulted in in-
creased accumulation of Ub–HwHmg2 (Fig. 3C), which was
more evident with MG132 than ALLN. Therefore, accumula-
tion of HwHmg2 paralleled accumulation of Ub–HwHmg2
with these proteasomal inhibitors, but not with PMSF. To
conﬁrm these results, the speciﬁc HMGR activity was also
determined in microsomal fractions before and after addition
of ALLN and MG132 to cells. As shown in Fig. 3D, the spe-
ciﬁc activity of HwHmg2 with 3 M NaCl increased signiﬁ-
cantly in the presence of ALLN and MG132 (and both).
These data clearly demonstrated that the drop in HMGR
activity of the microsomal isoenzyme HwHmg2 at optimal
growth conditions for H. werneckii (3 M NaCl) is a conse-
quence of its increased ubiquitination and proteasomal degra-
dation, and that this activity can be recovered by inhibiting the
activity of 26S proteasome.4. Discussion
Very little is known about regulation of the HMGR isoen-
zymes in extremophilic eukaryotes. Here, we have identiﬁed
two diﬀerent, but closely related, HwHMG genes in the gen-
ome of H. werneckii that code for two diﬀerently regulated iso-
enzymes (Fig. 1). The only reports demonstrating that
expression or activity of HMGR is regulated in response to
non-optimal salinity are for the moderately halophilic archa-
eon Haloferax volcanii [13] and for this extremely halotolerant
Fig. 3. Osmoadaptation-dependent ubiquitination of HwHmg2 and eﬀects of proteasome inhibitors on its degradation. (A) Ubiquitination assay by
co-immunoprecipitation of HwHmg1/2 at indicated salinities. MIT, mitochondria. (B) Addition of proteasomal inhibitors (ALLN and MG132)
promotes accumulation of ubiquitinated proteins in H. werneckii. (C), (D) In microsomes of cells grown in 3 M NaCl, ALLN and MG132 promote
accumulation of HwHmg2 and Ub-HwHmg2 (C) and increase HwHMGR activity (D). IP, immunoprecipitation; IB, immunoblotting.
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total HMGR activity in S. cerevisiae increases with increasing
salinity and that HMGR activity in H. werneckii ﬂuctuates sig-
niﬁcantly at diﬀerent salinities [9]. The salt-sensitive yeast S.
cerevisiae expresses two functional HMGR isoenzymes,
Hmg1 and Hmg2, both located in the ER [14]. Only the
Hmg2 activity is subject to ubiquitination, with its regulated
degradation signalled by intermediates from ergosterol biosyn-
thesis [6,15]. Here we provide evidence that the HwHMGR
activity is a consequence of the osmoadaptation-dependent
regulation of HwHmg2, and not HwHmg1, via ubiquitination
and its subsequent proteasomal degradation (Fig. 3).
In animals and protists, there is only one copy of the
HMGR gene, while in plants and certain Ascomycete fungi,
multiple HMGR genes are present. We would speculate that
in H. werneckii the maintenance of two diﬀerently located
and regulated HMGR isoenzymes allows for additional com-
plexity in regulation of HMGR activity, such the mevalonate
produced can be directed into diﬀerent branches of sterol
and isoprenoid metabolism, diﬀerentially mediated via a par-
ticular HwHMGR isoenzyme or with respect to the subcellular
compartment. In evolutionary terms, the maintenance of dif-
ferent HMGR isoenzymes in diﬀerent compartments may also
reﬂect the physiological adaptation of H. werneckii to meta-
bolic demands under extreme conditions. The HMGR of theplant pathogenic fungus Gibberella fujikuroi shares the highest
homology with the HwHMGR isoenzymes, particularly for
the presence and position of the intron in the coding sequence
for the catalytic domain [16]. Of further note, in G. fujikuroi,
lovastatin only inhibited production of gibberellins, without
inhibiting sterol and carotenoid biosynthesis, which led to
the conclusion that GfHMGR is diﬀerentially accessible to
lovastatin due to the localization of a single enzyme to diﬀerent
intracellular compartments [17]. As seen from Fig. 2, the activ-
ity of the mitochondrial isoenzyme, HwHmg1, was also inde-
pendent of environmental salinity, suggesting that HwHmg1
functions as the major HMGR isoform in H. werneckii. Poten-
tially, the activity of HwHmg2 is connected with very speciﬁc
metabolic demands under these extreme environmental condi-
tions, when ﬂux through the mevalonate pathway may be
channelled for biosynthesis of terpenoids, which are not essen-
tial for growth in optimal salinity, thus leading to degradation
of the redundant isoenzyme.
In conclusion, this study is the ﬁrst to document that ubiq-
uitination of HMGR also depends on environmental salinity.
Our ﬁndings thus provide an important advance in our under-
standing of the regulation of the mevalonate pathway as a re-
sponse to a variety of environmental stresses, including
extremely high environmental salinity in the case of the
extremophilic yeast H. werneckii.
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